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Abstract: In this paper, we study a warm standby repairable system that consists of two dissimilar units. One of these units is a good
quality unit while the other one is of substandard quality that might need some repairs or replacement by another substandard unit
upon failure. The system works under two different weather conditions, normal and abnormal. The unit operates under normal weather
conditions, but incase of abnormal weather conditions, the system stops and the unit fails. In this paper, we analyze the steady state
transition probabilities, mean sojourn time, mean time to failure, steady state availability of the system. We also performed busy period
analysis of repairman and cost benefit analysis of the system. All of the previously mentioned analyses were done by using regenerative
point technique.
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1 Introduction

Nowadays, system reliability has an important role in both industry and manufacturing, with redundancy being one of the
most common techniques used to enhance system reliability. The research on the cold standby system, the warm standby
system, and the hot standby system has made great progress over the past decades. In case of the cold standby system,
the system assumes that the spare parts will not fail during the storage period, while the hot standby system assumes that
the spare parts have the same failure rate as the working part. In this regard, the warm standby system that assumes the
spare parts may fail in the storage period with a smaller failure rate than the working part is more suitable for modeling
the degradation process of the spare parts.

Extensive researches on the reliability analysis for the standby redundant systems have already been carried out in the
literature. For the cold standby redundancy systems, [1] dealt with a two-unit cold standby system considering hardware
failure, human error failure and preventive maintenance (PM) in which all time distributions are assumed to be arbitrary.
[2] studied reliability measures of a cold standby system with preventive maintenance and repair. [3] discussed Reliability
analysis of a two-unit cold standby system with arbitrary distributions and change in units. With regard to the hot standby
model, Rizwan, [4] provided a reliability analysis of a programable logic controllers system which was studied as a two-
unit hot standby system, and the real data had been used from an industrial system for the purpose. [5] discussed the
reliability analysis of a two-unit hot standby redundant system with repairable failures and non-repairable failures by
using probability analysis, definite integral and the supplementary variable technique.

The warm standby repairable system has also been explored, for example, [6] conducted the reliability indexes and the
steady-state availability with different parameters of a warm standby repairable system with repairman vacation under
Poisson shocks. [7] obtained the performance measures of a three-unit warm standby system with dependent structure,
whereas the lifetimes of online unit, standby units, and the repair time of failed units are governed by quadrivariate
exponential law. [8] analyzed cost benefit of two similar warm standby systems subject to failure due to melting of glaciers
and severe storms caused by global warming and failure rate as Gamma distribution. Kumar, Pawar and [9] analyzed
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economically a warm standby system with single server. the purpose of the present study is to obtain reliability measures
of a system of non identical units with warm standby approach. [10] studied a warm standby redundant repairable systems
with two different units and assumed that unit 1 follows a geometric process after repair, and some reliability indexes were
obtained by using the supplementary variables approach. In addition, the researches for warm standby repairable systems
have continuously developed, including the papers [11,12,13] and others.

For weather conditions [14,15] used the idea of two weather conditions (normal and abnormal) in a single-unit system.
[16] discussed reliability and economic analysis of a system operating under different weather conditions. [17] analyzed
steady state of an operating system with repair at different levels of damages subject to inspection and weather conditions.
In this paper we study a two-dissimilar-unit warm standby repairable system with priority in use. We present a study for a
warm standby system consisting of two units where one unit is of good quality and another unit is of substandard quality,
which may need some repair or replacement by another sub-standard unit upon failure. The system is affected by different
weather conditions.

2 Assumptions

— Two dissimilar units in the system. In the beginning, one unit is in operative mode and the another is in standby
mode (Warm standby).

—  When operative unit get failure, the Warm standby unit may be turn to operative mode and failure unit move for
repair.

— The first unit has priority for operating, first unit is of good quality and another unit is of substandard quality, which
may need some repair or replacement by another substandard unit after getting failed.

— If the weather is in normal case, the unit operates, and if the weather is in abnormal case, the system stops, and the
operate unit fails.

— The connected switch is perfect.

— All times are independent and exponentially distributed.

3 Notations

E Set of regenerative states.
gij(t),Qij(t) | PDF and CDF of time for the system transits from stateS; to S;.
% Transition probability from S; to S;.
A, A2 parameter of the failure rate of unit 1,unit 2 respectively.
Ui, o The parameter of repair rate of unit 1,unit 2 respectively.
a parameter of normal weather rate.
B parameter of abnormal weather rate.
z parameter of second unit replacement rate.
T Probability that the Standby unit is ready.
(I—-1) Probability that the Standby unit is not ready.
0 Probability that the second unit repair.
(1-9) Probability that the second unit replacement.
Nij contribution to mean sojourn time in state Sj,
when system transits direct to S;.
M;(t) p {system is up initially in state S; is up at t without passing
through any other regenerative state}.
M;(s) J P{system sojourns in state S; for at least time t}d?.
IL(r) CDF of time to system failure starting from state S;.
AV(t) p { The system is up at time t starting at state S;}.
C(t) The net revenue of the system in (o, 7].
G() Cdf of the repair time at state S;with first unit.
G (1) Cdf of the repair time at state S; with second unit.
® Convolution.
* Laplace transforms.

3.1 Symbols for the states of the system

- sy unit 2 is in warm standby state.
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— o7,017 unit 1, unit 2 are in operating state respectively.

— o0y4,0114 the first operating unit, the second operating unit stopped because the weather is abnormal.
- w, Normal weather.

- wy Abnormal weather.

- 1 unit 1, unit 2 are under repair respectively.
- repy unit 2 is under replacement.
- wr,wry unit 1, unit 2 are waiting for repair respectively.
The system can be in any one of the following states
So = (01,511, Wg), S1 = (rr,011,wy), Sy = (rp,wrir, wg),
= (r1,0114,Wa)s S = (ri,wri,wa), Ss = (01,711, Wg),
= (or,repir,wy), S7 = (014,511, Wa), Sg = (014,711, Wa),
59 = (07a,repir, wa), S10 = (wrr,rir,wg), S11 = (wrr,ri,wa),
S]2 = (WrI,Fe‘p[],Wd), Sl3 = (wrl,repu,wg).

Up states:Sy, S1,Ss,5¢. Down states:S,, S3,54,57,5s,59,510,511,512,513.

3.2 Transition probabilities and mean sojourn time

We use regenerative technique to obtain the transition probabilities. All points are regenerative points. Let
T (=0),1,To,..... denote the epochs at which the system enters any state S; € E let X, denote the state visited at epoch
T,+, ie. just after transition at T,. {X,,T,} is a Markov renewel process with state space E and
Qij(t) = P[Xps1 = j,Tye1 — T, 2 t\ X, = i], is the semi Markov kernel over E. Since the transition probabilities
P;j = Qij(e°) then the non-zeros P,;'s are

A (I—-1)4 B (I-1)B

Py = , Pp=-——"— Pp=—-—r, Py=-—+——,

=B 2= "5, Chl s =557,
Por + P+ Pz + Pos = 1,

Hi A2 B
Po=——t1  P,= , Pu= :
10 B+A+ 1 2 B+ A+ 1 1 B+A+

Pio+Ppo+Py=1,

B O (1-6)wm
Py=—t—\ Py= , Py= :
HPUBrwm P Brm T B

Poy+Prs+ Py =1,
o M
Py = Py = ,
N o
Py 4Py =1,
_ _ b _ (=0
T o o+’ R
Py +Pig+ Py =1,

J1% A B
Py=——2 — P L N PR
P Bty A T P R

Psi + Ps(10) + Ps11) = 1,

z B A
Po= = Pyuy= o, Pozy = ——,
OT B M T B A+ T B+
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Peo+ Po(12) + Pe13) = 1,

Prpo=1,
n
Pys = . Py = :
T atrwm YT arm
Pss+ Py =1,
a z
Pog= ——, Py=——
T at T g
Pog + Py7 = 1,
H B
Ploy = . Paoyin = :
o =gy Fooan = g7
Paoyt +Paoyany =1,
o i
Pano) = i’ Pas = i

Panaoy +Pans =1,

o P L
ot 3=

Paoyas)y P =1,

Pz =

P = — P =
(13)(12) 4B (13)1 4B’

Pasya2) + Pz =1

3.3 Mean sojourn times

The unconditional mean time taken by the system to transit from any regenerative state S; when time is counted from
epoch of entrance into state S; is given by

TA| (1—-1)A B (1-7)B

M Erar TG AR T A ™ T AR

M4 =—2""—=3 Ms= al n()f(l*e)ﬂl

(B+mw)* (B+w)? (B+w)?’
N3 = ¢ N37 = al
(o4 )’ (o + )2
__ ¢ __ou _ (=0
N42 @t )2 48 ot ) N49 ()’
150 Ho n M 1 ﬁ
Brm+a)2 PO T Brmran T (B m A

z B A
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M0 =
Ngs = ¢ 87 B
(o + ) (ot + )
a Z
n96_(a+z) n97_(a+z)25
Ha B
Mo (B + 1) Moy (B + 1)
o Ho
Ny(10) (a+ o) N(11)3 (a+ )
a z
N(12)(13) (a+2)? N(12)3 (@ +2)
B Z

Na3)12) = [CEYER N3y = G+ B2
Mean sojourn time in state S; which is given by M;(s) = ¥; 1;;

Mols) = ———,  My(s) ! M(s) =
§) = —— §)= ——+—— s) =
0 B+A’ ! B+aa+m B+
1 1 1
3(S) (X+IJ,]7 4(S) OC+I,L|7 S(S) ﬁ+ﬂ2+l]7
1 1 1
Vel =g MU= MO=50,
1 1 1
M. = — M = — M =
o(s) o 10(s) Bim 1(s) e
1 1
MIQ(S):OC—-FZ’ M13(5):m-

3.4 Mean time to system failure MTSF

According to the arguments of theory of regenerative processes, we obtain the following relation for [y (7)

ﬁo(f) = e B+ 4 goi (1 ®H1
[1,(1) =e Pt +qloﬁ0<r>
ﬁs (1) = e (Briath) 4 Clsoﬁo(t)
[Ts) = 45 4 geo[ T 1)

ey

@)

3)

“

Taking Laplace transform (LT) for equations (1), (2) and (3) and solving for Ho (s) considering S = 0, We have the mean

time to system failure MTSF as follows

mrsF = o
Dy’
where
Dy =1—(PioPo1),
and

No = Mo (s) + M (s)Po; .

&)
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4 Availability Analysis

From the arguments used in the theory of regenrative processes, the point wise availabilities AVj(z) where

i=0,1,2,5,6,11,12.we obtain the following recursive relations.

AV (t) = Mo(1) + (q03(1) ® q37(¢) ® q70(t) + qoa(t) ® qas(t) ® gs7(t) ® q70(7)
+qoa(t) ® qag(t) ® go7(1) ® g70(2)) ® AV (1) + (qo1(2) + qo3(t) ® g31(2)) ® AV ()
+(q02(2) + qoa(t) ® gaa(t)) ® AVa (1) + (qoa(t) ® qas(t) ® qss) ® AVs(1)
+(q04(t) ® qao(t) ® qoe(t)) ® AVs (1),

AV (t) = My (1) + (q10(7) + q14(t) ® qas(t) ® q37(1) ® g70()
+q14(t) ® qao(t) ® qo7(t) ® q70(1) ) AVD + (q12(2) + q14(t) ® gaa(t)) ® AV (2)
+(q14(2) ® qas(t) ® gss(t)) ® AVs(t) + (q14(t) ® qao(t) ® qoe(t))AVs(2),

AVa(1) = (q24(t) ® qas (1) ® qs7(t) ® q70(1)
+q24(t) ® qao(t) ® qo7(t) ® q70(1))AVo (2) + (q24(t) ® qan (1)) @ AV (1)
+(q25(t) + q24(t) ® qus(t) ® qss(t)) ® AVs(t) + (qa6(2)
+q24(t) ® qao(t) ® qos (1)) ® AVs(2),

AVs(t) = Ms(t) + (gs0(t)) ® AVo(t) + (g5(10) (1) ® g(10)1(t))) ® AV: (1)
+(g5010) (1) ® q10)(11)(t) +g5(11) (1)) ®AVI1 (2),

AVe(t) = Ms(t) + (ge0(t)) ® AVo(2) + (g6(13)(t) ® q(13)1(7)) ® AV1 (1)
+(g6(12) () + g6(13)(t) ® q(13)(12) () ® AV12(2),

AV (1) = (q(11)3(t) ® g37(t) ® g70(t)) @ AV (1)
(Q(n )10)(1) ®q0)1(t) +q(11)3(t) ® g31(t)) ® AVy (1)
+(@a1)10) ) ®q10)a1) (1)) @AV (1),

AVia(t) = (q(12)(3) (1) ® q37(t) ® q70(1)) ® AV (t) + (q(12)(13)(t) ® q(13)1(7)
+q(123® q31) ®AV1(1) + (9(12)(13)(1) ® q(13)(12) (1)) ® AV12(2).

(6)

)

®)

©)

(10)

(1)

12)

Taking LT for equation (6), (7), (8), (9), (10), (11) and (12) and solve for AV, then we get the steady state availability of

the system AV} in the form,
N

AVp = AVp(e0) = lim SAVZ (S) = ~L.
x—0 Dy
hy = (M03P37P70 + Po3N37P70 + PosP37M70 + MoaPag Py7Pro -+ Poanas Py7Pro
+PoaPagNg7 P10 + PoaPag Ps7M70 + MoaPao Po7 P10 + PoamagPo7 Pro + PoaPaoNo7 Pro
+PoaPaoPo7M70 + Mot + Mo3 P31 + Po3N31 + Moz + NoaPaz + PoaNaz + NoaPagPys
+PoaNag Pss + PoaPagNss + MoaPaoPos + PoamaoPos + PoaPioos ),

ha = (N10 + NaPagPs7Pr0 + PiaNag P37 Pro + PiaPagNgr Pro + PraPag Pyam7o
+M14P49Po7Pr0 + P1aMa9Po7Pro + PiaPagNo7Pro + PraPagPyrN70 + M2
+MaPar + PraNa + NiaPagPss + PranagPss + PiaPagNss + M14PaoPog
+P14N49Pos + P14PsoMNos ),

h3 = (M24Pag Pg7P10 + P24Mag Ps7P10 + PaaPigNs7Pro + PoaPigPs7M70
+M24Pa9Py7P10 + PoaMag Po7 P10 + PagPaoMo7Pro + PaaPyo Po7M70
+M24Py2 + PaaNaz + Mos + N2aPagPys + PraMag Pss + PraPygNss
4126 + M24Pao Pog + P2aMa9 Pog -+ P2aPaoNos ),

13)
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ha = (M50 + Ns10)P10y1 + Ps10y M0yt + M50y Pioyi) + Ps(ioy Moy + Ns(in))s
hs = (M6o + Ne(13)P(13)1 + Ps13)M(13)1 + Me(12) + Ne(13)P13)(12) + Po(13)M(13)(12))

he = (M(11)3P57P0 + P11)3M37P70 + P11y3Ps7m70 + N a0yPaoyt + Pl ao) Mo
01351 + Payss + NanaoyPaoyan + PanaoNaoyin)):

h7 = (N(12)3P37P10 + Pr2y3M37Pr0 + Plaoy3Pyimzo + Nz Pas)
+Pa2y3)Naz) + Na2)3Ps1 + P2 + NazyasnPas)yaz) + Paz)az)Mas)az)-

1 —(L) —(Lio) —(L3) 0 0
0 1—(Ls) —(Li1) —(L14) 0 0
bl = _(LZ) 0 1 0 _(LIS) 0
—(L3) 0 0 1 0 —(L17)
—(Ly) O 0 0 I1—(Le) O
~(Ls) 0 0 0 0 1—(Ls)
—(L1) —(Le) —(Lo) —(Li2) 0 0
0 1—(Lg) —(Li1) —(L14) 0 0
by — | ~(L2) 0 1 0 —(Lis) O
27| =(Ls) O 0 1 0 —(L17)
—(Ly) O 0 0 1—-(Le) O
—(Ls) 0 0 0 0  1—(Lys)
—(L1) =(Le) —(Lo) —(L12) O 0
1 —(L7) =(Liwo) —(L13) O 0
b3 = _(LZ) 0 1 0 _(LIS) 0
—(L3) © 0 1 0 —(L17)
—(Ly) O 0 0 1—(Ls) O
—(Ls) 0 0 0 0  1—(Ly)
—(L1) —(L¢) —(Lo) —(L12) O 0
1 —(L7) —(Lio) —(Li3) 0 0
ba — 0 1—(Lsg) —(L11) —(L14) 0 0
—(L3) 0 0 1 0 —(L17)
—(Ly) O 0 0 1-(Ls) O
~(Ls) 0 0 0 0 1—(Ls)
—(L1) —(L¢) —(Lo) —(L12) O 0
1 (L) —(Lio) —(Li3) 0 0
b5 — 0 1—(Lsg) —(L11) —(L14) 0 0
—(L2) 0 1 0 —(Lis) 0
—(Ly) O 0 0 1-(Le) O
—(Ls) 0 0 0 0  1—(Ly)
—(L1) —(Le) —(Lo) —(L12) O 0
1 —(L7) —(Lwo) —(Li3) O 0
b6 — 0 1—(Ls) —(Li1) —(L14) 0 0
—(Ly) 0 1 0 —(Ls 0
L) 0 0 1 0 —(Ly)
—(Ls) 0 0 0 0 1—(Ly)
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—(L1) —(Le) —(Lo) —(L12) O 0

1 —(L7) —(Lio) —(L13) O 0

| 0 () (L) (L) O 0

—(L2) 0 1 0 —(Lis) O
—(L3) 0 0 1 0 —(L7)

(L) 0 0 0 1-(Lg 0

Where

Ly =Por +PosPs1, Lo =Psq0)Paoy, L3 = Pz Pz
Ly = PanyaoyPaoy +PaiaPsi,  Ls = Paoyas)Pusy + Pazs b,
Le = Po+ PoaPaa, L7 =Pio+PiaPy, Ly = PuPy,

Lg = PoaPagPgs, Lio = PiaPagPss, Li1 = Pas + PoaPysBss,
Lip = PoaPaoPos, L1z = Pi1aPagPos, Lia = Prg + PraPagPos,
Lis = Psgi0\Paoyan +Psany, - Lis = PanaoyPaoyans
L7 =Ps12)+ Ps(13)P13y12),  Lis = Pa2)13)P3)(12)-

N] = (M()(S)b] 7M1 (S)b2 7M5(S)b4 +M(,(S)b5),
Dy = hiby — haby + h3bs — haby + hsbs — hebe + hb7.

S Busy Period Analysis

Let G;(t) be the probability that the repairman is busy due to repair of the failed failed unit at instant t, given that the

system entered the regenerative state S; att = 0.

5.1 Expected busy period with first unit

By using probabilistic arguments, we obtain

Go(r) = (qo3(t) +qoa(r)) ® Ry + (qo3 (1) ® q37(1) ® gro(t)
+qoa(t) ® qas(t) ® gs7(t) ® q70(t) + qoa(t) ® qao(t) ® qo7(t) ® g70(t)) ® Go(t)
+(qo1(t) +qo3(t) ® q31(1))G1(t) + (qoa2(t) + qoa(t) ® gaa(t)) ® Ga(t)
+(qoa(t) ® qas(t) ® gss(1)) ® Gs(t) + (qoa(t) ® qao(t) ® gos (7)) ® Ge (1),

Gi(1) = (14 q1a(t)) ® Ry + (q10(t) + q14(t) ® qag(t) ® gs7(¢) ® g70(1)
+q14(t) ® qao(t) ® qo7 ® q70)Go (1) + (q12(t) + q14(t) ® qa2) ® Go(t)
+(q14(t) ® qag(t) ® gs5) ® G5(1) + (q14(t) ® gao(t) ® qos(t)) ® Ge(t),

Ga(1) = (1 +q24(1)) ® Ry 4 (q24(t) ® qug(t) ® qg7 (1) ® q0(t)
+q24(1) ® qag(t) ® go7(1) ® g70(2))Go(7) + (g24(t) ® qaa(t)) ® Go(t)
+(q25(t) + g24(t) ® qas(t) ® gss(t)) ® Gs(t) + (q26(1)
+q24(t) ® qag(t) ® qos (1)) ® Ge (1),

Gs(t) = (gs0(t)) ® Go(t) + (g5(10)(t) ® g(10)1 (1)) ® G1 (1)
+(g5010)(t) ® g(10)(11) (1) +q5(11) () ® G11 ()

(14)

5)

(16)

A7)
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Ge(t) = (qe0(t)) ® Go(t) + (q6(13)(t) ® q(13)1(t)) ® G1 (1)
+(g6(12)(t) + g6(13)(1) ® g13)(12) () ® G12(2), (18)
Gn(t) = (4(11)3(t))®R1 +(g11)3(1)) ® g37(t) ® g70(1)) ® Go(t)
+(@1)10) (1) ® g0y (1) +q(11)3(t) ® 31 (1)) ® G (1)
+(q11)10) () ®q(10)11) (1)) ® G11 (1), (19)

Gna(t) = (4(12)30)) ® R+ (q(12)3(1)) ® g37(t) ® g70(t)) ® Go(r)
+(q(12)(13) () ® q3)1(t) + q(12)3() ® q31 (1)) ® G (1)
+(q(12)(13) (1) ® q(13)(12)(t) ® G12(2). (20)

Using LT to solve equations (14), (15), (16), (17), (18), (19) and (20) for Gj(s), We have the expected busy period with
repair in steady state as follows
Ny

Go = Go(») = D’ (21)
where
Ny =R (0){(Po3 + Poa)by — (1+ Pia)ba + (1 + Pag)bz — (P11)3)be + (P12)3)b7} (22)
and
N
R(0)= -
5.2 Expected busy period with second unit
By using probabilistic arguments, we obtain
Go(1) = (qoa(t) ® qas(t)) ® RS + (qo3(t) ® q37(t) ® qro(t)
+q04(t) ® qag(t) ® qs7(1) ® g70(t) + qoa(t) ® qag(t) ® qo7(t) @ g70(1)) @ Go (1)
+(q01(7) + qo3(t) ® q31(1)) G (1) + (qo2(t) + qoa(t) ® qaa (1)) @ G5 ()
+(qo04(r) ® qas(1) ® qss(1)) ® G5(t) + (qoa(t) ® qao(t) ® go6(1)) ® Gg(1), (23)
G (1) = (qia(t) ® qas(t)) ® Ry + (q10(t) + q1a(t) ® qas(t) ® gg7(t) ® gr0(t)
+q14(t) ® qao(t) ® qo7(1) ® g70(1)) Go (1) + (q12(1) + q14(1) ® qaa (1)) ® G (1)
+(q14(1) ® qag (1) ® gss(1)) ® G5(t) + (q14(r) ® qao (1) ® qos (1)) ® Gy(1), (24)
Gh(t) = (q24(t) ® qus(t)) ® Ry + (q2(r) ® qus(t) ® gs7(t) ® 70 (1)
+q24(1) ® qao (1) ® qo7 () ® q70(1)) G (1) + (q24(t) ® qan (1)) ® G5(1)
+(q25(t) + q24(t) ® qas(t) ® gss(t)) ® G5(1)
+(q26(t) + q24(t) ® qao(t) ® qos(t)) ® Gg(2) (25)
G5(1) = (1+s(10)(1)) ® R) + (gs0(1)) ® Gy (t)
+(45(10)(t)®4(10)1(t))®G'1 (t) + (g5(10)(t) ® g10)(11) ()
+qs5(11)(1)) ® Gy (1), (26)
Go (1) = (q60(1)) ® G (1) + (ge(13)(t) ® q131 (1)) ® G} (1)
+(g6(12) (1) + a613)(t) ® q(13)12) (1)) ® G, (1), (27)
G1(1) = (14 q(n(10) (1)) ® Ry + (q(11)3(t)) @ q37(t) ® g70(1)) @ Gy (1)
+(q(11)(10)(1) ® q10)1 (1) + q(11)3(t) @ g31(1)) @ G (1)
+(ga1)(10) (1) ® q(10)(11) (1)) ® G4 (1), (28)
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12(t) = (q12)3(t) ® q37(t) ® q70(1)) ® Gy (1) + (q(12)(13) (1) ® g (131 (1)
+q(12)3(t) ® g31(2)) ® G (1) + (q12)(13) (1) @ g(13)(12) (1) @ G (2). (29)

Using LT to solve equations (23), (24), (25), (26), (27), (28) and (29) for G(s), We have the expected busy period with
repair in steady state as follows

Gy = Gy (o) = g—j, (30)
where
N3 =R "(0){(PoaPsg)b1 — (PiaPsg)bs + (PosPsg )bz — (1 + Ps(10))ba — (1 + Pi1)(10))b6 }» (31
and
Iy 1
R (0)=—.
© 253

5.3 Cost benefit analysis

This section, we calculate the expected profit to the system in the period (0,7] by calculating the deference between total
revenue and total cost of repair
C(t) = K10yp(t) — K2 0:(t) — K30.(1), (32)

Where, K| is the revenue per unit of up time, K> is cost per unit of repair of the first unit, and K3 is cost per unit of repair
of the second unit .

t

1) = /O AVo(1)dt, (33)
t

w,(t):/o Go(t)dt, (34)
!

wﬂ(t):/o G (t)dt. (35)

using (5.33), (5.34) and (5.35) we obtain
C*(s) = K10, (s) — K207 (5) — K30, ().
Therefore the expected revenue per unit time in steady state is given by

C)

KiN, — K>N> — K3N
C = lim —~ = lim $C*(s) = ——1 ——2 2~ 2353
t—oo  f s—0 D

(36)

6 Numerical Example

By setting K; = 500,K, =5, K3 = 2, figures display the variation of MTSF, Availability, Busy period1, Busy period2 and
Cost benefit, for different values of 0,7, B, a, Uy, Ua,z,A; and A;.
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Fig. 1: MTSF with 6 = 0.8, 7 = .99, B = .005, & = .001, 1y = .01, 1 = .002, z = .03, 4; = 0.05 £0 0.5 and A = 0.05 10 0.5.

Fig. 2: Availability with 8 = 0.8, 7= .99, f = .005, a = .001, u; = .01, pp =.002, z= .03, ; =0.05t0 0.5 and A, = 0.05 10 0.5.

Fig. 3: Busy periodl with 6 = 0.8, 7= .99, B =.005, o = .001, u; = .01, up = .002, z=.03, A; =0.0570 0.5 and A; =0.05 70 0.5.
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Fig. 4: Busy period2 with 8 = 0.8, 7 = .99, 8 = .005, & = .001, p; = .01, pp = .002, z = .03, A; = 0.05 10 0.5 and A, = 0.05 10 0.5.

Fig. 5: Cost benefit with 6 = 0.8, 7=.99,  =.005, a = .001, u; = .01, up =.002, z = .03, K1 =500,K, =5,K3 =2, 41 =0.05100.5
and A, =0.05700.5.

7 Conclusion

This paper provides the reliability analysis for a warm standby repairable system that consists of two dissimilar units.
One of these units is a good quality unit while the other one is of substandard quality that might need some repairs or
replacement by another substandard unit upon failure. The system works under two different weather conditions, normal
and abnormal. The unit operates under normal weather conditions, but incase of abnormal weather conditions, the
system stops and the unit fails. we successfully obtained some reliability measures of the system such as, the MTSF, the
availability analysis, the expected busy period and the expected profit of the system.

— The mean time to system failure increases with decreasing the failure rate of unit 1(4,) and the failure rate of unit 2
(R2).

— The Availability increases with decreasing the failure rate of unit 1(4,) and the failure rate of unit 2 (4;).

— The busy period with first and second unit increase with increasing the failure rate of unit 1(A;) and the failure rate
of unit 2 (A5).

— The cost benefit increases with decreasing the failure rate of unit 1(4,) and the failure rate of unit 2 (4;).

© 2023 NSP
Natural Sciences Publishing Cor.



J. Stat. Appl. Pro. 12, No. 2, 481-493 (2023) / www.naturalspublishing.com/Journals.asp NS e 493

Acknowledgement

The authors are grateful to the anonymous referee for a careful checking of the details and for helpful comments that
improved this paper.

References

[1]M. A. M. Mahmoud and M. E. Moshref, On a two-unit cold standby system considering hardware, human error failures and
preventive maintenance, Mathematical and Computer Modelling, 51, 736-745 (2010).

[2] S.C. Malik and S. K. Barak, “Reliability measures of a cold standby system with preventive maintenance and repair, International
Journal of Reliability, Quality and Safety Engineering, 20, 1-9 (2013).

[3] M. S. EL-Sherbeny, M. A.W. Mahmoud, Z. M. Hussien, Reliability analysis of a two-unit cold standby system with arbitrary
distributions and change in units, Life Cycle Reliability and Safety Engineering, 9, 261-272 (2020).

[4] S. M. Rizwan, V. Khurana and G. Taneja, Reliability analysis of a hot standby industrial system, International Journal of Modelling
and Simulation, 30 , 315-22 (2010).

[5] B. Su. Reliability analysis of a new 2-unit hot standby redundant system, Proceedings of the 38th International Conference on
Computers and Industrial Engineering, 1741-1747 (2008).

[6] L. Liu, and Y. Chen, Reliability analysis of a warm standby repairable system with repairman vacation under Poisson shocks, Journal
of Computational Information Systems,11, 3821-3832 (2015).

[7]1 V. S. S. Yadavalli, V. S. Vaidyanathan, P. Chandrasekhar, and S. Abbas, Applications of quadrivariate exponential distribution to
a three-unit warm standby system with dependent structure, Communications in Statistics — Theory and Methods, 46, 6782—-6790
(2017).

[8] A. K. Saini, Cost benefit analysis of two similar warm standby system subject to failure due to melting of glaciers and severe storms
caused by global warming and failure rate as Gamma distribution, International Journal of Electrical, Electronics and Computer
Systems (IJEECS), 4, 28-31 (2016).

[9] K. Ashok, P. Dheeraj and S.C. Malik, Economic analysis of a warm standby system with single server, International Journal of
Mathematics and Statistics Invention (IJIMSI), 6, 01-06 (2018).

[10] Y. Meng, and H. Zheng, Reliability analysis of warm standby redundant repairable system without being repaired “as good as
new”, In IEEE Symposium on Robotics and Applications (ISRA 2012), 141-143 (2012).

[11] Y. Wu, L. Wen, X. Yu, and Y. Deng, Maintenance optimization for warm standby system based on availability, Fourth International
Conference on Mechanical Materials and Manufacturing Engineering, 178-181 (2016).

[12] F. Li, D. Yin and B. Hu, Analysis on reliability model for warm standby system with a repairman taking multiple vacations based
on phase-type distribution, IEEE International Conference on Industrial Engineering and Engineering Management, 1436-1442
(2016).

[13] G. S. Mokaddis, M. S. E. Ei-Sherbeny and Y. M. Ayid, Stochastic behavior of a two-unit warm standby system with two types of
repairmen and patience time. Journal of Mathematics and Statistics, 5, 42-46 (2009).

[14] L. R. Goel, S. C. Sharma, Stochastic Analysis of a Two -Unit Standby System with Two failure Modes and Slow Switch,
Microelectrons Reliability, 29, 493-498 (1989).

[15] L. R. Goel, A. Kumar, A. K. Rastogi, Stochastic behaviour of man machine systems operating under different weather conditions.
Microelectrons Reliability, 25, 87-91 (1985).

[16] S. C. Malik, M. S. Barak, Reliability and economic analysis of a system operating under different weather conditions, Proceedings
of the National Academy of Sciences, India - Section A,79 , 205-213 (2009).

[17] D. Pawar, S. C. Malik and S. Bahl, Steady state analysis of an operating system with repair at different levels of damages subject
to inspection and weather conditions, International Journal of Agriculture and Statistical Sciences, 6 , 225-234 (2010).

© 2023 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

	Introduction
	Assumptions
	Notations
	Availability Analysis
	Busy Period Analysis
	Numerical Example
	Conclusion

